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Pedepar:

1. Incepranis NpUCBsAY€HA AOCIiIPKEHHIO SIBUIIA BOOHEBOI KPUXKOCTI B KOHCTPYKLIMHKX MaTepiajax Ha OCHOBi 3d
NepexigHux MeTasiB. BUKOPUCTOBYIOUM KOMIUIEKC TEOPETUYHUX Ta €EKCIIEPUMEHTAJIbHUX METOIB OCJIiI>KEHbD,
[IpOaHaJIi30BaHO HasIBHi B JliTepaTypi MexaHi3MU BOJHEBOI KpUXKOCTI, IOCIi/I>KEHO OCOOGIMBOCTI BILJIMBY BOAHIO Ha
€JIEKTPOHHY CTPYKTYPY, (a30Bi epexoau i BIaCTUBOCTI AMCJIOKALLil B CIJIaBax Ha OCHOBI 3aJ1i3a, TUTaHy Ta HiKeJIo,
Ta HACJIIIKX LbOTO BIUIVBY JJISI MAKPOCKOIIIYHUX MEXaHIYHMX BJIACTUBOCTEN BilIIIOBIAHNUX MaTepiallib.
BrkopuCTOBYI0UM a30T Ta BYIJIELb B IKOCTI iHINKATOPIB KOPEJIALLi MiXK €JIEKTPOHHOIO CTPYKTYPOIO i MEXaHIYHUMU
BJIACTUBOCTSIMU, NIPOBeieHO Bepudikallilo eleKTPOHHOI KOHIEeTIii ToCUIeHo1 BOJIHEM JIOKali30BaHO1
[IJIACTUYHOCTI. 3aIIpONIOHOBaHa KOHIIEILIiS NO3BOJISI€E BPAXYBAaTU XiMiUHY IPUPOMY €JIEMEHTIB BTiJIEHHS Ta KOPEKTHO
CIIPOTHO3YBATH iX BIUIVMB HA BJIACTUBOCTI NUCJIOKALl, 110 € OCHOBHUM I10JIOKEHHSIM MOZEJIi CIIPUYMHEHOI BOJHEM

KpuxKOCTi. lo7aTKOBOIO MepeBarolo JaHoi KOHLeNIIii y IOpiBHSIHHI 3 MOJeJIJII0, PO3PO6JIEHOI0 B pAMKaX MeXaHiKu



CYLIJIbBHMX CEPEeNOBUIL, € 3IaTHICTh 3alIPONIOHYBATY IIPAKTUYHI PEKOMEHIALli 41 MiABUIIEHHS OIIOpY MaTepiany
BOJIHEBII1 KPUXKOCTI. 3a JOMOMOTOI0 METOIUKYA MEXaHIYHOI CIIEKTPOCKOIIIi, IJISIXOM OCTiI)KEHHS IBULIA
penakcanii CHyka-KbocTepa, nokazaHo, 110 aTMoc(epH a30Ty CIPUSIIOTh MOOIIBHOCTI IMCJIOKALlii, TOZi SIK aTOMU
BYIJIELIO [T€PEMKOIKAIOTh JUCIOKALIMHOMY KOB3aHHIO. 3 BUKOPMCTAHHAM PO3PaxXyHKIiB i3 epmux MpUHLUIIB
BCTAHOBJIEHO KOPEJISILII MK BIVIMBOM aTOMIB a30Ty Ta BYIJIELIO HA €JIEKTPOHHY CTPYKTYPY 3aji3a Ta
BJIACTUBOCTSIMU IUCJIOKALiN. BifnoBinHO, CIpUYMHEHE a30TOM i BUILLEHHS KOHLIEHTPAllii BiIbHUX €JIEKTPOHIB,
IIO/1iGHO [0 aTOMIB BOJIHIO, Ma€ MiJBUIIYBATU PYXJIUBICTb OUCIIOKALil, 110 IIOBHICTIO Y3rOAKY€ETHCS 3
€KCIIepUMEHTAJIbHUMU JAaHUMU. ba3ylounch Ha TEOPETUYHUX PO3PaxyHKax TEPMOAUHAMIKM (a30BUX IEPETBOPEHD,
a TaKOX IIJIIXOM JOCIIiIKEHHS €BOJIoLi KprucTanorpadiyHoi TeKCTypH 3pa3kiB [10Ka3aHo, 110 [1py iHTeprpeTarii
iHOyKOBaHUX BogHEM (pa30BUX NI€PETBOPEHb, OKPIM MEXaHIYHOTo e(eKTy, Yepe3 HeOJHOPiZHUM [IPOoQiib pO3NOLiTy
BOJHIO I10 IJIMOWHI, IOTPiOGHO NPpUIMAaTU IO yBarv i TepMOIMHAMIYHUI (PaKTOP BHACIIOK Pi3HOTO BIJIMBY BOJHIO
Ha BiJIbHY eHeprilo ¢a3 sIKi peasizyloTbcsl B cucTeMi. [Ipy boMy, came MjaacTUyHa gepopmallis, a He Juie
HaIpYXEeHHS, € CIPaBXHbOI IIPUYMHOIO NOJiOHOCTI fedopMaLliffHO-IHAYKOBaHUX Ta BUKJIMKAHWUX HAaBOJHEHHSIM
MapTeHCUTIB. 3a JOIIOMOTr0I0 METOIiB MOJIEKYJISIPHOI IMHAMIKU Ta aBTOpajiorpadiio, NOBEEHO, 0 MeXi 3epeH
BUKOHYIOTb POJIb IACTOK [J151 aTOMIB BTiJIEHHS, 30KpeMa BOJIHIO Ta BYTJIELI0, B 3aJ1i3i. 3alIpOMOHOBAaHO MOSICHEHHS
IIPUCKOPEHOI Mirpaliii aToMiB BOZHIO B3LOBK MEX 3€PEH, 110 CIIOCTEPIraeThCs B AEIKUX €KCIIEPUMEHTAX, Y
BiITIOBiHOCTI 3 SIKMM, [10Ji0Ha NIOBEJiHKa € HAC/iKOM iHAyKOBaHOI BOAHEM IIJIaCTUYHOI Aedopmaliii i
BiZJ[TIOBiHOTO TPAHCIIOPTY aTOMiB BOJHIO IMCJIOKALiIMH, & TAKOK YTBOPEHHS MIKDOTPIIIVH B OKOJIi MEX 3€PHA, 5K
HACJIJOK KaTOLHOrO HAaBOJIHEHHS, SIKE 3aBXXI 1 BUKOPUCTOBYETLCS [IPU BUMIPIOBAaHHSIX BOJHEBOI IPOHMKHOCTI. 3a
IOTIOMOTOI0 TEOPETUYHMX Ta €KCIIEPUMEHTAJIbHUX [OCIiI>)KeHb [1I0Ka3aHo M0i6HUI XapaKTep BIIJIMBY BOJHIO Ha
€JIEKTPOHHY CTPYKTYPY Ta BJIACTUBOCTI AUCJIOKALill B CIIJIaBax Ha OCHOBi TUTaHy Ta HiKeJIo, O € JOAATKOBUM
NigTBEPIKEHHAM KOPEKTHOCTI €JIEKTPOHHOI KOHUEMNLii TOCUJIEHOI BOAHEM JIOKaJIi30BaHOI IIJIACTUYHOCTI 1 BKa3ye Ha
3araJibHUI XapakTep 3alPOIIOHOBAHOTO MEXaHi3My BOJHEBOI KPUXKOCTI. 30KpeMa, Ha 11ill OCHOBI JaHO MOSICHEHHS
iCTOTHIN pi3HUL B IPOSBi BOOHEBOI KPUXKOCTI B CIJIaBaX Ha OCHOBI O-TUTAHY Ta B ayCTEHITHUX CTaJISX, WO A€ 3MOry
BMKOPHCTOBYBAT/ BOLEHB B SKOCTI JIETYBAJILHOTO €JIEMEHTY 11 OKpalleHHs AeOpMaLlifiHAX XapaKTE€PUCTUK
TUTAHOBHUX CILJIaBiB B OGHO(A3HOMY O CTaHi Iif Yyac ix TeXHOJIOriYHOI 06pOOKU. JleTanbHUI aHali3 TepMOIMHAMIYHIX
Ta KiIHETUYHUX MTPOIECIiB B CUCTEMi HiKeJib — BOJIEHb 03BOJIMB 3DOOUTH BUCHOBOK, 1[0 TaK 3BaHUU Tigpu HiKeJIo €
HaCJIiIKOM pO3/ijly HaBOAHEHOTO TBEPLIOrO PO3UMHY Ha 36arayeHy BOJAHEM Ta 30iJHEHY aTOMaMU BOJHIO (pa3u 3a
CIIHOJAJILBHMM MeXaHi3MOM. [IpoBejeHO MOPIBHSIHHS MiX SIBUIIAMU CIIPUYUHEHOI BOGHEM KPUXKOCTI Ta
PiIMHHOMETANIYHOI KPUXKOCTI. 3a IONTOMOT0I0 PO3PaxyHKiB i3 NepmuxX NPUHLUIIB, HA MPUKJIaZi aTOMIB Oy,
II0Ka3aHo, 10 iX BIVIUB HA €JIEKTPOHHY CTPYKTYPY MaTepiajy € MNOoLiOHUM [I0 BIUVIUBY BOJHIO. TeopeTUiHO
nepen6adeHe MifBUIIEHHS aTOMaMU Oy KOHLIEHTPAllii BiIbHUX €JIEKTPOHIB B CIIJIaBaX Ha OCHOBI 3aj1iza
MigTBEPIKEHO NIPOBEAEHUMY €KCIIEPUMEHTAIbHUMU BUMiPIOBaHHSIMU 32 IOTIOMOTOI0 €JIEKTPOHHOTO CIIiIHOBOTO
pe3oHaHcy. MeTouKa MexaHiuHOI CIeKTPOCKOIIii, TaKOXK, J03BOJIMJIa BUSIBUTH IOJiOHMI BIJIB aTOMIB 1101y Ta
rajiito Ha BJIaCTUBOCTI AMUCJIOKALlii, 1110 MPOSIBJISIETCS] Y PAHHBOMY CTaPTi MiKpOIJIAaCTUYHOI Aedopmalii Ta
MigBUIIEHHI PYXJIMBOCTI AUCoKaLin. OTpUMaHi pe3yJbTaTy € MigTBEPIKEHHIM OJHAKOBOIO ME€XaHi3My BOJHEBO]
Ta piAMHHOMETAJIIYHOI KPUXKOCTEH, a TAKOK MOXKJIMBOCTI IIOSICHEHHSI 000X SIBUII B PAMKAX €JIEKTPOHHOI KOHIIETIIIii

JIOKasi30BaHOI MJIaCTUYHOCTI, IOCUJIEHO] €J1eMEHTOM, SIKUH NiJBUlIye METAiYHNI XapaKTep MKaTOMHOTO 3B'S3KY.

2. The thesis is devoted to the study of hydrogen embrittlement phenomena in 3d transition metals-based
construction materials. By means of theoretical and experimental techniques, the mechanisms of hydrogen
brittleness available in the literature are analyzed. At the same time, peculiarities of hydrogen effect on the
electron structure, phase transformations and dislocation properties in iron-, titanium- and nickel- based alloys
were studied and the consequences for macroscopic mechanical properties of corresponding materials were
derived. Using nitrogen and carbon as indicators of correlations between electron structure and mechanical
properties, the verification of electron concept of hydrogen enhanced localized plasticity has been performed. The
proposed concept allows to take into account the chemical nature of interstitial elements and correctly predict
their influence on dislocation properties that is the main point of hydrogen-caused brittleness model. An
additional advantage of the proposed concept, in comparison with the model developed within the framework of



continuum mechanics, is the possibility to propose practical recommendations for the increase in materials
resistance to hydrogen brittleness. Using mechanical spectroscopy, the Snoek-Koester relaxation was studied and
it was shown that nitrogen atmospheres assist dislocations mobility, whereas, in contrast, carbon atoms retard
dislocations slip. Using first principle calculations, a correlation between the carbon and nitrogen effects on the
iron electron structure and dislocation properties is established. Correspondingly, similarly to hydrogen, the
nitrogen-caused increase in the concentration of free electrons should assist mobility of dislocations, which is in a
perfect consistency with experimental data. Based on the theoretical results on the thermodynamics of phase
transitions in the iron-based alloys and studies of crystallographic texture evolution, it was shown that during the
interpretation of hydrogen induced phase transitions, along with inhomogeneous profile of hydrogen distribution
on the depth, the thermodynamic factors also have to be considered because of different hydrogen effect on the
free energy of phases in this system. At the same time, the plastic deformation, not only stresses, is a true reason
for similarity between deformation-induced and hydrogen-induced epsilon-martensites. The molecular dynamic
calculations and autoradiography method allow to confirm that grain boundaries are the traps for interstitial
atoms, particularly hydrogen and carbon in the iron. An approach is proposed to explain the enhanced migration of
hydrogen atoms along the grain boundaries that is observed in hydrogen permeation measurements. According to
this approach, such a behavior results from hydrogen-induced plastic deformation and corresponding transport of
hydrogen atoms by dislocations, and also could be a consequence of microcrack formation in the vicinity of grain
boundaries in the course of cathodic hydrogen charging which is always used during the hydrogen permeation
measurements. By means of theoretical and experimental studies, it was shown that there is similar effect of
hydrogen on the electron structure and dislocation properties in titanium- and nickel-based alloys, which is an
additional confirmation of correctness of the electron approach to hydrogen-enhanced localized plasticity and
shows a general character of this approach for hydrogen brittleness. Particularly, on this basis, the explanation is
given for different appearance of hydrogen brittleness in b-titanium alloys and austenitic steels, which allows to
use hydrogen as a temporary alloying element during technological treatment of b-titanium alloys in single phase
state, to provide their better deformational characteristics. A detailed analysis of thermodynamic and kinetic
processes in nickel-hydrogen system allows to conclude that the so-called “nickel hydride” is a consequence of
decomposition of hydrogenated solid solution into the hydrogen-rich and hydrogen-depleted phases via spinodal
mechanism. A comparison was performed between the phenomena of hydrogen-caused brittleness and liquid
metal embrittlement. Using the first principle calculations for the case of iodine in the iron it was shown that its
effect on the electron structure of a material is similar to that in case of hydrogen. The theoretically predicted
iodine-caused increase in the concentration of free electrons in the iron-based alloys has been confirmed by the
experimental measurements using the electron spin resonance. The mechanical spectroscopy also allows to detect
a similar effect of iodine and gallium atoms on the dislocation properties, which results in the earlier start of
microplastic deformation and increased dislocations mobility. The obtained results confirm a similar mechanism of
hydrogen and liquid metal brittlenesses.
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